The spruce budworm, Choristoneura fumiferana, produces antifreeze protein (AFP) to assist in the protection of the overwintering larval stage. AFPs are thought to lower the freezing point of the hemolymph, noncolligatively, by interaction with the surface of ice crystals. Previously, we had identified a cDNA encoding a 9-kDa AFP with 10±30 times the thermal hysteresis activity, on a molar basis, than that shown by fish AFPs. To identify important residues for ice interaction and to investigate the basis for the hyperactivity of the insect AFPs, six new spruce budworm AFP cDNA isoforms were isolated and sequenced. They differ in amino-acid identity as much as 36% from the originally characterized AFP and can be divided into three classes according to the length of their 3 H untranslated regions (UTRs). The new isoforms have at least five putative`Thr-X-Thr' ice-binding motifs and three of the new isoforms encode larger, 12-kDa proteins. These appear to be a result of a 30 amino-acid insertion bearing two additional ice-binding motifs spaced 15 residues apart. Molecular modeling, based on the NMR structure of a short isoform, suggests that the insertion folds into two additional b-helix loops with their Thr-XThr motifs in perfect alignment with the others. The first Thr of the motifs are often substituted by Val, Ile or Arg and a recombinantly expressed isoform with both Val and Arg substitutions, showed wild-type thermal hysteresis activity. The analysis of these AFP isoforms suggests therefore that specific substitutions at the first Thr in the ice binding motif can be tolerated, and have no discernible effect on activity, but the second Thr appears to be conserved. The second Thr is thus likely important for the dynamics of initial ice contact and interaction by these hyperactive antifreezes.
The formation of large ice crystals must be avoided in overwintering freeze intolerant insects. This is achieved by the synthesis of cryoprotectants that accumulate in the hemolymph. Low molecular mass cryoprotectants including sugars such as trehalose, and polyhydric alcohols such as glycerol and sorbitol, decrease the freezing point of the hemolymph in a colligative manner [1] . High molecular mass protein cryoprotectants, in contrast, act in a noncolligative fashion to lower the freezing point by their specific interaction with the surface of microscopic ice crystals. This in turn causes local freezing point depression perhaps, through the Kelvin effect [2] . These antifreeze proteins (AFPs), or thermal hysteresis proteins (THPs), have recently been purified from several insect species and their corresponding cDNAs isolated [3±6] .
Insects are not the only organisms to employ AFPs as a freeze avoidance strategy. Macromolecular antifreezes are also found in plants and bacteria [7, 8] , but are best known in fish from Arctic and Antarctic waters [9±11] . These show remarkable diversity, with little structural clues as to a common ice-binding function. For example, the type I fish AFPs are elongated, a-helical, alanine-rich molecules, while the type III AFPs are globular proteins with no obvious bias in amino-acid composition. Certain surface hydrophilic amino acids such as Thr, however, are believed to have a significant role in the adsorption of the AFP via hydrogen bonding and/or hydrophobic interactions with water molecules of the ice surface [12, 13] . Such putative ice-binding Thr residues are found at conserved, repetitive positions in the Tenebrio and Dendroides beetle AFPs [3, 14, 15] .
The Choristoneura fumiferana moth, spruce budworm (sbw), has a Ser-and Thr-rich, 9-kDa AFP with no sequence homology to any of the beetle, fish or plant AFPs. The 90-amino-acid mature protein has eight cysteines involved in four disulfide bridges [16] . SbwAFP has been expressed and purified from recombinant bacteria, and found to be 10±30 times more active than fish AFPs on a molar basis [4] . Nuclear magnetic resonance studies [17] reveal a structure for the sbwAFP which is almost entirely a left-handed b-helix fold. Each turn is 15±17 residues long, and together presents a`flat' Thr-rich face which is thought to be the ice-binding site of the protein. Although studies, to date, have concentrated on one specific sbwAFP isoform represented by a single cDNA, we reasoned that residues critical for ice-binding would be conserved among other possible isoforms. Many different AFP types have been shown to consist of multiple isoforms which contribute to total thermal hysteresis (TH) activity [18] . Alignment and comparison of the sequences of these isoforms has permitted the identification of variable and conserved amino acids, the latter ones often being key residues for activity and/or proper folding. This approach has assisted in identifying putative ice-binding sites in type I and type III AFPs [18±20] .
Here, we show that different members of the sbwAFP family may also serve to protect overwintering larvae by inhibiting ice growth. In addition, the amino-acid sequence variation uncovered in this study of the sbwAFP family has provided important clues for structure-function mechanisms of this remarkable protein.
M A T E R I A L S A N D M E T H O D S

SbwAFP isoform analysis
Partially purified AFP from second instar larvae was fractionated by HPLC on an analytical Vydac C18 reversed-phase column (SPE Ltd, Concord, Ontario, Canada) in 0.1% trifluoroacetic acid using an acetonitrile gradient as previously described [4] . Fractions rechromatographed on a second HPLC column were assayed for TH activity using standard procedures [21] . Active fractions were subjected to MALDI-mass spectroscopy for mass determination (Finnigan Lasermat 2000, Harvard Microchemistry facility).
Isolation of additional sbwAFP sequences
A sbw cDNA library in the lZAP II vector (Stratagene, La Jolla, CA) that was constructed using mRNA from 2nd instar larvae in diapause at 4 8C for 12 weeks [4] was used to identify additional AFP family members. Plaque lifts of the library were hybridized using moderate stringency (0.1 m Na 2 HPO 4 , 7% SDS, 65 8C [22] ); with a 140-bp PCR fragment, encoding the first 46 amino acids of the previously isolated clone 337 cDNA. Clones (cDNAs 333, 339, 10) were subjected to three rounds of plaque purification, excised in vivo with ExAssist helper phage (Stratagene, LaJolla, CA) and sequenced.
Oligonucleotides designed to conserved regions of these three sbwAFPs were used in PCR experiments designed to amplify other AFP sequences corresponding to additional isoforms. Spruce budworm AFP consensus primers, both forward and reverse (SPF: 5 H -GCTCGTGTAIAAACACGAACTC-3 H and SPR: 5 H -TGGAAATITTGCATCCAGGGCC-3 H ) were used together or with T7 and T3`anchor primers' located at each end of the multiple cloning site of the lZAP vector. As the cDNA library was constructed by directional cloning into the l vector, the combination of primers T3 and SPR in PCR would allow the amplification of the 5 H end of AFP cDNAs, whereas the combination of primers T7 and SPF was used for the amplification of cDNA 3 H ends. PCR conditions with Taq polymerase (Gibco BRL) consisted of: 35 cycles denaturing at 94 8C for 30 s, annealing at 45 8C for 1 min and extending at 72 8C for 2 min. The reaction was preceded by a 5-min initial denaturation at 94 8C, and followed by an 8-min extension at 72 8C.
Selected AFP cDNA clones were used as templates for the amplification of sequence corresponding to the mature protein, which was cloned into pET20b (Novagen, Madison, WI) for expression in Escherichia coli BL21-DE3. Recombinant AFP was partially purified either from the inclusion bodies as previously described [4] or from the supernatant using a procedure modified from [23] . After denaturation and subsequent refolding in vitro [16] , TH activity was determined by the nL osmometer method [21] and the protein concentration was assessed using dye binding or amino-acid analysis.
Computer analysis of sequence data Routine sequence manipulation was performed using web-based software tools. The signal sequence cleavage site of translated sequences was predicted using the program signalp v1.1 [24] . Sequence alignments were generated by clustal w version 1.8 [25] and manually corrected. Phylogenetic relationships between the AFP sequences were established with mega software [26] . Gamma-corrected distances (a 2) were used to compute the neighbour-joining tree. The branchpoint percentages of confidence were routinely obtained after bootstrapping 1000 times.
Molecular modeling
Molecular modeling of the sbwAFP isoforms was performed using a Silicon Graphics O2 workstation running sybyl TM molecular modeling software (version 6.5, Tripos Associates, St Louis, MI, USA). A model of the 337 isoform based on the recently solved NMR structure [17] was constructed and geometrically optimized until the gradient between successive iterations was less than 0.05 kcal´mol
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. The Tripos force field was used in conjunction with Gasteiger and Marsili derived charges and a distant dependent dielectric constant for the calculations [27] . Isoforms of the same length as 337 were constructed using the biopolymer menu to manually replace amino-acid residues. The longer isoforms 10, 104 and 501 were built by manually extending the original 337 isoform model by two loops and then again manually replacing amino-acid residues. All isoform models derived from the original 337 isoform model were optimized as described previously. The Arg substitutions in isoforms 339, 10, 104 and 501 on the putative ice-binding face were manually modeled to investigate ice binding compatibility.
R E S U L T S
SbwAFP isoform isolation and cloning
When partially purified sbwAFP preparations were further purified by two successive HPLC chromatographic fractionations, TH activity was associated with < 12 protein peaks. These multiple peaks could be attributable to different isoforms. Analysis of four of these peaks by mass spectroscopy showed that they had discrete masses ranging from 8963 to 9075 Da (Fig. 1 ). This suggested that sbwAFP isoforms encoded by a family of related genes could be responsible for the total TH activity in larvae.
SbwAFP cDNAs were isolated from the library in two independent hybridization experiments. In the first one, six clones were plaque purified and sequenced. The inserts of these cDNA clones were grouped into three size classes based on their 3
H untranslated region (UTR) length: long, intermediate and short. The long UTR class, or`337-like', were < 1.4 kb (Table 1) . A second hybridization of the library was devised in which 29 primary positives were subjected to PCR amplification and electrophoretic characterization using primers made from two conserved regions of the first AFP clones sequenced (data not shown). The AFP primers were used in combination with vector primers to amplify either the 5 H (SPR-T3 primer) or 3 H (SPF-T7 primer) portions of cDNAs. Alternatively, a portion of the coding region itself was amplified using the SPF and SPR primers together. AFP cDNAs, for which bands diagnostic for the three size classes were either absent or were of different sizes, were further purified and sequenced. This search for different sized cDNAs resulted in the discovery of three additional clones belonging to the intermediate UTR isoform class, including 501 (2 clones) and 104.
Computer analysis of the signal sequence cleavage site predicted that all mature sbwAFPs have an aspartic acid as their first amino acid (Fig. 2A) . clustal analysis showed only short stretches of identical amino acids and few obvious repetitive sequences. Most of the differences in length between the three size classes of sbwAFPs can be attributed to different lengths of the 3 H UTR, although for the intermediate class of isoforms, the coding region itself is longer by 90±93 bp. The conceptual translation of each different clone showed that there was divergence in the amino-acid sequence among the three classes of cDNAs ( Fig. 2A) . Isoform 339 is 78% identical to 337. The intermediate isoforms, 10, 501 and 104 that each encode larger proteins, diverged further, sharing only 68, 66 and 64% identity with the originally characterized 337 cDNA protein sequence.
Encoded protein sequences from the long or short UTR isoforms (337-like group and 339) featured conserved residues, presumably important for structure and function. The eight Fig. 3 . Thermal hysteresis of recombinant sbwAFP isoforms. Isoforms 337 and 339 were expressed by recombinant bacteria and AFP was purified. TH activity was assessed using a nanolitre osmometer and protein concentration determined by amino-acid analysis. Points represent the average^SD of three determinations. cysteines present in isoform 337 and for which the disulfide bridging pattern has been established, were also found in isoforms 333, 4 and 339, indicating that the proteins encoded by these cDNA classes likely adopt the same folding pattern. The five clusters of Thr residues, identified in isoform 337 as potentially mediating ice-binding [17] , are present in all the isoforms, although in some the triplet differs from the canonical Thr-X-Thr'. This is especially true with the segment closest to the N and C termini (modules 1 and 5, respectively, Fig. 2A ). In these, the first Thr is substituted with a Val, Arg or Ile. Additionally, isoform 339 has a Val in the first Thr of the second repeat.
Expression in E. coli
Sequences corresponding to the mature proteins of clones 337 [4] , 339 and 10 were amplified using specific primers corresponding to the nucleotide sequence of the N and C terminal coding regions. After expression in E. coli, the recombinant AFP was found in the supernatant (339) or inclusion bodies (337,10). After denaturation and subsequent folding in vitro, the recombinant isoform 337 had a TH activity ranging from 125 mOsm at 0.02 mg´mL 21 to 980 mOsm at 0.6 mg´mL
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. Isoform 339 had a similar activity over the range of concentration tested (Fig. 3) . Despite numerous attempts, the recombinant 10 isoform could not be adequately resolubilized from the inclusion bodies. While determination of specific activity was impractical due to the paucity of protein, the supernatant still showed TH (40 mOsm) and ice crystals formed the distinctive hexagonal shape characteristic of sbwAFP. Mass spectrometry on the material recovered from the insoluble fraction showed a mass of 12900, close to the predicted size for the mature 10 isoform (Table 1) .
Phylogenetic analysis
Neighbour-joining phylogenetic analysis of the conceptual translation of the protein sequence resulted in the clustering of the cDNAs into three groups that strikingly matched the initial characterization according to size of their cDNAs (Fig. 2B) . Closely related long UTR cDNAs (337, 4 and 333), clustered tightly because of their high sequence identity. The intermediate isoforms (10, 501 and 104) formed a group, although they diverged between themselves to a greater extent than the 337-like, long UTR isoforms. The fact that the group of intermediate class isoforms clustered separately could indicate that they evolved as a separate group after a single addition of a 30±31 amino-acid insertion into the short or long UTR isoforms. Alternatively, there could have been a deletion of 90± 93 bp from an intermediate class isoform to generate the shorter coding regions.
Sequence and model of additional sequence in the intermediate class of isoforms
The additional sequence in the intermediate UTR isoforms had the characteristics of an internal duplication. The 30±31 aminoacid insertion has between 40 and 63% identity with the 30 amino acids immediately following it, and has two Thr-X-Thr motifs (in module`a' and`b', Fig. 2A ) spaced 15 amino acids apart. Module`a' of clones 104 and 10 shows conservation of the Thr-X-Thr canonical sequence. In module`b' of all intermediate UTR isoforms, as well as module`a' of 501, the first Thr has been replaced by an Arg, Val or Ile, similar to the substitution observed in module 1 and 5. The internal homology of the intermediate class of isoforms is more evident and indeed the protein shows an obvious repetitive organization if the insertion is modeled as two 15-amino acids loops of b-helix with the Thr-X-Thr sequences aligned (Fig. 4A±C) . Each supplementary repeat encoded by the intermediate UTR class contains a Cys residue. Based on the disulfide bond mapping of isoform 337, it can be predicted that the folded protein contains two additional disulfide bridges, one between the third conserved Cys of the mature protein (Cys25) and the Cys of module`a', and one between the Cys located two amino acids downstream of module`b' and the Cys of module 4 ( Fig. 2A) . Molecular modeling of these intermediate UTR isoforms shows that this prediction is justified, and further, that the 30±31 amino-acid insertion is easily accommodated by extending the a-helix structure (Fig. 4B) . The modeled extended isoforms are structurally stable when minimized.
D I S C U S S I O N
Overwintering sbw second instar larvae produce a hyperactive AFP which presumably enhances their survival at low temperatures. Fractionation of larval homogenates showed that a group of < 9000-Da proteins had TH activity and suggested that they might be isoforms encoded by a gene family (Fig. 1) . The use of hybridization and PCR experiments led to the discovery of several new cDNAs, some of them encoding larger < 12 000-Da isoforms, verifying our initial hypothesis. The larger AFPs likely eluted from the HPLC column at a higher acetonitrile concentration (Fig. 1) , and may be less abundant than the 9000-Da isoforms. Gene families encoding AFPs or antifreeze glycoproteins have been described in certain Arctic and Antarctic fish and are assumed to have evolved by a proces of gene duplication, followed by natural selection for increased copy number [28±31]. As well, the moderately repetitive Tenebrio molitor AFP genes are also thought to have resulted from an analogous gene copy expansion [15] .
All the sbwAFP cDNAs retrieved from the library can be classified according to their 3 H UTR length. The significance of this difference is unclear but untranslated regions in mRNA can affect post-trancriptional functions such as mRNA stability and translation activation [32, 33] . Perhaps elements directing such fates for AFP messages will be found in the unusually long 3 H UTR class. As the short UTR, 339 cDNA shows only 87% nucleotide identity with the long UTR isoforms over the first 576 bp, it is likely that it represents expression from a separate gene, and is not simply a long UTR cDNA with a truncated 3 H end. Similarly, the intermediate class or 10-like cDNAs clustered together in neighbourjoining phylogenetic analysis and bootstrap values show they are clearly separated from the long UTR cDNAs (Fig. 2B) . As sequence variation among the three long cDNAs is limited to a few conservative amino-acid changes, it is possible that these cDNAs represent allelic variants of a single gene. It should be noted that several hundred second-instar sbw larvae were used to construct the library, all of which were descendants of field-collected moths.
It was our hypothesis that different isoforms could contribute to the understanding of structure-activity relationships of sbwAFPs. Although clustal analysis did not reveal a striking consensus between the isoforms, visual inspection of the sequences showed that they all had at least five putative, sometimes imperfect, ice-binding`Thr-X-Thr' motifs which were most obvious if the sequence was displayed as a 15-mer repeat (Fig. 4A) . No single isoform had a perfect Thr-X-Thr sequence at every possible site but significantly, only the first Thr in the Thr-X-Thr motif is ever substituted with Val, Arg or Ile. Thus over the course of evolution, there appears to have been a strict selection for the second Thr in each Thr-X-Thr motif, whereas some substitutions have been allowed at the first Thr. In the alanine-rich type I fish AFP, substitution of Val for Thr has been accomplished using in vitro mutagenesis, and the resulting recombinant AFPs retain TH activity [12, 13, 34] . Val and Thr are good space filling matches, but in addition, it has been argued that because Val, which differs from Thr by the replacement of the hydroxyl group by a methyl group, can be substituted for Thr, hydrophobic interactions must be important for AFP adsorbtion to ice [12, 13] . This explanation then could also apply to the Val substitution in sbwAFP. A Thr to Ile substitution has not been explored in fish AFP mutagenesis studies, but its presence in some of these sbwAFP isoforms may suggest that the ice-interaction site can accommodate larger, hydrophobic side groups. In at least one isoform of the Tenebrio AFP, which has putative Thr-Cys-Thr ice-binding sites, there is an alternative Thr-Cys-Ile [15] . However, the ice growth inhibition activity of this isoform is not known.
The most surprising Thr substitution in the Thr-X-Thr motifs of several sbwAFP isoforms is the Arg in module 1 of 339 and 104 and in the central module`b' of both 10 and 104 isoforms. To determine if an isoform with an Arg substitution was functional, the 339 recombinant isoform was assayed for TH activity. Over a range of 0.02±0.6 mg´mL 21 , the protein had the same activity as the recombinant 337 isoform. Because of the large side chain, the compatibility of an Arg-X-Thr binding site with the ice lattice is more problematic than the Val or Ile substitutions (Fig. 4) . However our modeling studies have indicated that these Arg residues are positioned such that their side chains have enough flexibility so that there would be minimal disruption to the putative ice binding surface (Fig. 5 ). Indeed, it is possible that additional interactions could be formed with the ice lattice. The absolute conservation of the second Thr in each Thr-X-Thr repeat suggests a model for the dynamics of ice binding. Adsorption to the ice surface might be initiated by contact with the second line of Thr residues using the Thr methyl and hydroxyl groups to find a good surface complementarity fit. Subsequently, the first line of Thr residues (or the substituted amino acids with no hydroxyl groups or bulkier R groups, which may need to change torsion angles) then interacts with ice, resulting in the AFP being properly seated and stably adsorbed to the lattice.
The intermediate UTR sbwAFP forms with the`a' and`b' module insertion can be modeled by adding two additional turns of the b-helix in the protein model constructed for the long UTR variants. In fish antifreeze glycoproteins (AFGPs), type I AFP and Tenebrio AFPs, protein variants often differ in size by one or more repetitive units [3, 36] . In type I AFPs with 11-residue repeats and in AFGPs with Ala-Ala-Thr repeats the longer isoforms appear to be more active on a molar basis than the shorter ones, possibly because they include supplementary ice binding sites [36, 37] . Unfortunately this possibility could not be assessed for the recombinant isoform 10 because it could not be resolubilized. However, these attempts did result in detectable TH activity in the supernatant where very little of the protein could be recovered, which demonstrates that the protein is very active and that this longer isoform is a genuine AFP. Expression experiments should also be tried with isoforms 104 and 501, in the event that they might result in higher yields of solubilized recombinant protein.
Although eight distinct proteins have been deduced from Tenebrio AFP cDNAs [15] , isoform divergence is more limited than that observed here for sbwAFP. The Tenebrio AFP repetitive unit is 12 amino acids rather than 15, which could limit the diversity of residue substitution due to steric restriction within the tighter helix core. In each Tenebrio AFP repeat, there are two cysteines linked by disulfide bonds, so disulfide bonding is`intrarepeat'. In sbwAFPs this is not the case: for the first four cysteines of the long UTR isoforms, disulfide linkage occurs between adjacent repeats [16] . The intermediate class of sbwAFP isoforms have an insertion representing two repeats or modules, as an uneven number of Cys residues could complicate disufide bridge formation (see Results) and proper folding into a b-helix. Therefore, although sbwAFP has been considered not to have a repetitive structure [38] , in fact, it appears to be composed of an ice-binding functional repeat of 15±17 amino acids forming each loop in the b-helix, while the structural, and evolutionary relevant, unit encompasses two such repeats. In summary, the diversity of residue substitutions within the constraint of this modular protein and shown by this isoform analysis has provided important clues for the interaction of these hyperactive antifreeze proteins with the ice surface.
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